Abstract: Gold nanoparticles were coated with a short peptide to promote intracellular delivery of membraneimpermeable proteins. Through microscopy and enzyme assays, we demonstrated the particles were able to transport functional enzymes into a variety of cell lines. Significantly, the transported proteins were able to escape from endosomes. Moreover, these particles showed no apparent cytotoxicity.
Introduction
Delivery of functional proteins inside living cells provides a powerful tool for therapeutics and fundamental study of cell biology.
1 This technique allows the introduction of proteins in a rapid, time-specific, and dose-dependent fashion.
2 While significant progress in DNA-recombinant technology has led to the availability of any protein of interest, protein transduction has been limited by the poor membrane permeability of most proteins, and hence requires a transporter. 3 In one strategy, cellpenetrating peptides (CPPs) have been attached to proteins genetically or chemically to promote their translocation across plasma membrane. 4 Nevertheless, covalent modification can generate challenges such as alteration of activity or possibility of the tag being buried internally, making noncovalent approaches an attractive alternative. 5 Recently, nanomaterials including silica nanoparticles, carbon nanotubes, and quantum dots have been shown to provide effective vectors for protein delivery. 6 The delivery of enzymes with retention of activity using either covalent and noncovalent strategies, however, remains a major challenge.
Gold colloids are promising candidates in nanomedicine due to their bioinertness, nontoxicity, and cellular imaging ability. They have been reported for DNA delivery; however, their use as protein carriers is largely unexplored 8 due to challenges in protein recognition and structure retention. 9 The large surface area and tunable functionality of gold nanoparticles makes them an excellent scaffold for protein surface recognition. 10 Moreover, the conformation of proteins can be preserved by tailoring the monolayer of particles. 11 Herein, we report the effective intracellular delivery of -galactosidase ( -gal), a membraneimpermeable negatively charged protein with high molecular weight (465 kDa) in a variety of cell lines, with endosomal escape of the protein and retention of enzymatic activity inside the cells (Figure 1 ).
Results and Discussion
We fabricated peptide-coated gold nanoparticles (NP_Pep, core diameter ∼2.5 nm) to serve as a protein transporter. Three functional domains were incorporated into particle structure: the interior alkyl chains impart stability to the core, a corona of tetraethylene glycol (TEG) prevents both nonspecific interactions with biomolecules and denaturation, 11 and the exterior peptide-tags serve as a recognition unit. Polyarginine is wellknown for translocating molecules across the plasma membrane.
12 Therefore, our initial efforts focused on the functionalization of the particles with a short peptide containing three arginine residues (NP-RRR). This strategy, however, yielded † University of Massachusetts at Amherst. ‡ particles that were not dispersible in water. In prior studies, we have earlier demonstrated that lysine-coated particles were water-soluble and stable. 13 As a result, we chose for our studies a sequence incorporating arginine and lysine, 14 with the addition of a histidine residue, as His groups are known to facilitate endosomal escape of cargo. 15 Overall, the peptide headgroup consists of strong and weakly basic amino acid residues (Arg, Lys, and His) that serve multiple roles: (a) protein surface recognition and plasma membrane association through favorable electrostatic interaction and hydrogen bonding of guanidinium moiety, and (b) "endosomal buffering" due to the presence of the proton-sponge imidazole group of histidine. 16 Importantly, these particles (NP_Pep) were well dispersed in aqueous media with a hydrodynamic diameter consistent with their structure (d H 12.9 ( 0.3 nm). 17 As expected, these particles were strongly cationic, with a zeta potential of 32 ( 1 mV arising from the ∼100 ligands per nanoparticle estimated by particle size. 18 Nanoparticle--gal complexation was assessed by fluorescent titration using fluorescein isothiocyanate-labeled -galactosidase (FITC--gal). As expected, FITC-fluorescence was quenched by the gold core upon addition of NP_Pep, allowing us to quantify the interaction of the cationic particles and anionic -gal (pI 4.6 19 ), with a K D of 1.0 nM observed (Figure 2) . Surprisingly, we found that these complexes were stable in 150 mM salt solution as well (K D ≈ 11 nM), presumably due to additional hydrogen-bonding interactions of the protein with the arginines of nanoparticle (Figure 2) . 20 Our group has earlier reported the glutathione-mediated release of -gal adsorbed onto cationic nanoparticles.
10 Intracellular glutathione can likewise act as a trigger for release of -gal by cationic NP_Pep. An alternative possibility is that the acidic environment found during endocytosis might effect the release. To study the release event in acidic conditions, the fluorescence of FITC--gal in the presence of NP_Pep was monitored in buffers of pH ranging from 7 to 4. However, a sharp decrease in fluorescence of FITC--gal itself due to precipitation with lowering pH made it impossible to elucidate any effect of pH change on particle-protein complexation ( Figure S3 ). Analysis of circular dichroism (CD) spectra revealed that there was minimal change in secondary structure in the presence of nanoparticles (Figure 2) . Similarly, no shift in λ max of tryptophan-fluorescence of the protein was observed ( Figure S4 ), further confirming retention of the native structure of the protein. 21 Cellular delivery of -gal protein was first monitored using FITC--gal as a fluorescent probe. Human cervical carcinoma cells (HeLa) were treated with a 2:1 molar ratio NP_Pep/FITC--gal complexes, as precipitation occurred at higher particle/ protein ratios in media. Following 3 h of incubation, cells were washed and cultured for another 3 h. Green fluorescence was observed when cells were treated with particle-protein complexes, while cells incubated with FITC--gal alone displayed no fluorescence (Figure 3a,b) . Cells treated with the complexes also showed the presence of gold from inductively coupled plasma mass spectrometry (ICP-MS), consistent with the expected nanoparticle-promoted cotranslocation of this membraneimpermeable protein (Figure 3c ). The delivery process was likewise effective in serum (see Figure S5 for micrographs).
We next performed confocal laser scanning microscope (CLSM) experiments to confirm that the observed fluorescence was coming from inside the cells as opposed to being adsorbed on cell surface. As shown in micrographs, punctate fluorescence was present in the perinuclear region of the cells, indicating protein internalization, presumably via endocytosis (Figure 3d-f and Figure S6 ). 22 This mechanism was supported by a substan- tial decrease in fluorescence ( Figure S7 ) coupled with a decrease in gold (via ICP, Figure 3c ) with uptake experiments performed at 4°C. 23 Current research has been focused on cytoplasmic delivery of proteins. As the complex presumably entered into cells via an endocytic pathway, we investigated whether the cargo was able to escape from endosome. For this purpose, cells were treated with FM 4-64, a red endosome-specific marker. 24 FITCfluorescence that arises from delivered FITC--gal was monitored along with red-fluorescence from FM 4-64 using CLSM (Figure 4a,b) . After merging the green and the red channels, we observed the presence of a significant amount of green sites within the cells, indicating proteins that were outside the endosomes (Figure 4c ). Relatively few yellow areas indicative of proteins trapped in endosomes (overlapped green and red dyes) were observed. Enzymatic activity provides a particularly stringent test for the retention of bioactivity after transduction, a key concern in protein delivery. The NP_Pep/protein complex was incubated with HeLa cells for 3 h, then washed and cultured for an additional 3 h followed by treatment with X-gal, a colorless substrate for -gal that turns blue upon enzymatic hydrolysis ( Figure S8 ). Significantly, blue precipitates appeared inside cells transfected with the particle-protein complex, demonstrating preservation of enzymatic activity after delivery (Figure 5b) . No color was observed, as expected, when cells were treated with protein alone (Figure 5a ). Consistent with the CLSM images, X-gal staining of the cells after trypsin digestion also indicated that the proteins were internalized by the cells as opposed to adsorbed onto cell surface ( Figure S9 ). In a control experiment, cells were treated with NP_Pep alone (without any -gal), and no blue spot was observed, thereby ensuring that the observed staining was not due to lysosomal galactosidases ( Figure S11 ). -Gal delivery experiments were also performed with NP_TEG (a neutral nanoparticle with a hydroxyl group replacing the peptide) and NP_TTMA (a nonpeptidic, cationic nanoparticle 17 with a trimethylammonium group replacing the peptide). The superior efficacy of -gal delivery with NP_Pep The CD spectra of the protein (100 nM) before and after addition of nanoparticles in 5 mM phosphate buffer at 25°C. In the inset, the percent of secondary structures was calculated using DICHROWEB, indicating minimal conformational change upon nanoparticle addition. was evident from X-gal assay (enzyme activity: NP_Pep > NP_TTMA > NP_TEG) coupled with ICP-MS experiment (nanoparticle uptake: NP_Pep > NP_TTMA > NP_TEG) (see Figure S12 ). The peptide tag enhanced the native uptake capability of these gold nanoparticles as measured by ICP-MS, mirroring the more efficient protein delivery using NP_Pep (see Figure S12d ). With longer incubation times (24 h) after transfection, we observed a decrease in enzymatic activity ( Figure S10 ), 25 potentially due to protein degradation by intracellular proteases.
We next studied the dose-dependent response of the delivery system, a useful tool for controlled protein delivery. Cells were treated with varied concentration of the enzyme, and protein delivery was assessed by X-gal histochemical staining. The percentage of transfected cells, judged by positively stained cells, increases with dose, with quantitative transfection (∼98%) achieved at 100 nM of protein concentration (Figure 5e ). Significantly, efficient transfection (>80%) was observed at 50 nM of protein in a diverse array of cell lines, including COS-1 (monkey kidney cells), MCF7 (human breast cancer cells), and even hard-to-transfect muscle cells (C2C12) (Figure 5c,d ).
26
Concurrent with our delivery studies, we investigated the cytotoxicity of the NP_Pep particles. From the trypan blue exclusion test, we observed no cell death after 3 h of transfection as well as 24 h later (Figures 6a and S14a ). This lack of toxicity was also validated from calcein AM assay ( Figure S13) . Importantly, full retention of cell vitality was observed from alamar blue assay (Figures 6b and S14b) .
Conclusion
In summary, we have reported a highly efficient strategy for intracellular protein delivery of anionic proteins. Supramolecular complexes with engineered nanoparticles were shown to translocate exogeneous proteins into a variety of cells without exhibiting any cytotoxicity. Crucially, the transported enzyme was able to escape from endosomes and retained its biological activity, providing the potential for fundamental and therapeutic applications of this strategy. We are currently investigating the effect of peptide structure on protein delivery. 
